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ABSTRACT 

Stainless  steels,  copper/nickel  and  titanium  alloys  are  frequently  used  in  offshore  oil  and 
gas  systems.  Alloying  elements  are  added  to  metals  to  improve  workability,  electrical  properties 
and  corrosion  resistance.  Alloying  elements  also  alter  the  formation,  chemical  composition, 
thickness  and  tenacity  of  corrosion  products  and  may  increase  or  decrease  susceptibility  to 
microbiologically  influenced  corrosion  (MIC). 


INTRODUCTION 

Microbial  biofilms  develop  on  all  surfaces  in  contact  with  aqueous  environments.  Chemical 
and  electrochemical  characteristics  of  a  metal  substratum  influence  the  formation  rate  and 
cell  distribution  of  microfouling  films  in  seawater  during  the  first  hours  of  exposure.  Electrolyte 
concentration,  pH,  organic  and  inorganic  ions  also  affect  microbial  settlement.  Biofilms  produce 
an  environment  at  the  biofilm/metal  interface  that  is  radically  different  from  that  of  the  bulk 
medium  in  terms  of  pH,  dissolved  oxygen,  and  inorganic  and  organic  species.1  Reactions 
within  biofilms  can  control  corrosion  rates  and  mechanisms.  The  term  microbiologically 
influenced  corrosion  (MIC)  is  used  to  designate  corrosion  resulting  from  the  presence  and 
activities  of  microorganisms  within  biofilms.  The  reactions  are  usually  localized  and  can 
include:  1)  sulfide  production,  2)  acid  production,  3)  ammonia  production,  4)  metal  deposition, 
as  well  as,  5)  metal  oxidation  and  reduction. 


COPPER  AND  NICKEL  ALLOYS 

Copper  alloys  are  frequently  used  for  seawater  piping  systems  and  heat  exchangers  due 
to  their  good  corrosion  resistance  combined  with  mechanical  workability,  excellent  electrical 
and  thermal  conductivity,  ease  of  soldering  and  brazing,  and  resistance  to  macrofouling.  In 
oxygenated  seawater  a  film  of  cuprous  oxide,  cuprite  (CU2O),  forms  on  copper  alloys.  Copper 
ions  and  electrons  pass  through  the  film.  Copper  ions  dissolve  and  precipitate  as  Cu2(OH)3C1, 
independent  of  alloy  chemistry.  Alloying  nickel  and  small  amounts  of  iron  into  copper  results 
in  a  single  phase  structure  and  increases  resistance  to  turbulence  induced  corrosion.  CDA 
706  (88.5%  Cu,  10%  Ni,  1.5%  Fe)  has  been  shown  to  be  the  most  corrosion  resistant  copper 
alloy  for  seawater  service.2 

Copper  alloys  are  vulnerable  to  MIC.  Differential  aeration,  selective  leaching,  underde¬ 
posit  corrosion  and  cathodic  depolarization  have  been  reported  as  mechanisms  for  MIC  of 
copper  alloys.  Pope  et  al.3  proposed  that  the  following  microbial  products  accelerate  localized 
attack:  CO2,  H2S,  NH3,  organic  and  inorganic  acids;  metabolites  that  act  as  depolarizers; 
and  sulfur  compounds  such  as  mercaptans,  sulfides  and  disulfides. 


In  the  oresence  of  sulfides,  copper  alloys  form  a  porous  layer  of  cuprous  sulfide  with  the 
general  stoichiometry  Cu2*xS,  0<x<l.  Copper  ions  migrate  through  the  layer,  react  with  more 
sulfide,  and  produce  a  thick  black  scale  (Figure  1).  McNeil  and  Odom4  described  a  model 
that  predicts  sulfide-induced  corrosion  in  the  presence  of  sulfate-reducing  bacteria  (SRB). 
Corrosion  is  initiated  by  sulfide-iioh  reducing  conditions  in  the  biofilm  where  the  oxide  layer 
is  destabilized  and  acts  as  a  source  of  metal-containing  ions.  The  authors  concluded  that 
if  any  reaction  of  metal  oxide  with  sulfide  has  a  high  negative  standard  free  energy  of  reaction, 
SRB-related  MIC  will  occur.  If  the  reaction  has  a  high  positive  standard  free  energy  of 
reaction,  this  form  of  corrosion  will  not  occur.  Negative  standard  free  energies  of  reactions 
were  used  to  predict  SRB-MIC  for  copper  alloys  (Table  1).  Analysis  of  sulfide  corrosion 
products  recovered  from  corroding  copper  alloys  confirmed  the  prediction.  Specific  copper 
sulfides  have  been  suggested  as  fingerprints  for  SRB  sulfide  production.  Chalcocite  (CU2S) 
and  covellite  (CuSj+x)  are  frequently  identified  in  copper  corrosion  products  associated  with 
SRB.5  Djurleite  (CU31S16)  formation  has  been  reported  for  copper/nickel  alloys. 

It  has  been  argued  that  if  the  copper  sulfide  layer  were  djurleite,  the  sulfide  layer  would 
be  protective.  Even  if  such  a  sulfide  film  were  technically  passivating,  the  film’s  mechanical 
stability  is  so  poor  that  sulfide  films  are  useless  for  corrosion  protection.  McNeil  et  al.5  reported 
that  sulfide  corrosion  products  on  99  copper  were  consistently  non-adherent,  while  those 
on  90/10  and  70/30  copper/nickel  were  adherent  in  SRB  laboratory  cultures  and  in  natural 
waters. 

Nickel  minerals  have  not  been  found  in  corrosion  products  on  90/10  or  70/30  copper/nickel 
alloys.6  Selective  dealloying  of  zinc,  nickel  and  iron  from  copper  alloys  has  been  reported 
by  several  investigators.7,8  Little  et  al.8  demonstrated  dealloying  of  nickel  from  a  90/10  copper / 
nickel  in  association  with  SRB.  Wagner  et  al.7  described  dealloying  of  nickel  in  70/30 
copper/nickel  exposed  to  flowing  natural  seawater. 

SRB  are  not  necessary  for  MIC  induced  pitting  of  copper  alloys.  While  the  role  of  the 
biofilm  in  copper  pitting  is  not  entirely  clear,  it  appears  that  the  presence  of  the  biofilm 
contributes  to  corrosion  by  maintaining  enhanced  local  chloride  concentrations  and  differ¬ 
ential  aeration  cells.9  Pope10  documented  MIC  of  90/10  copper/nickel,  admiralty  and  aluminum 
brass,  and  welded  aluminum  bronze  at  electric  generating  facilities  using  fresh  or  brackish 
cooling  waters.  Most  of  the  copper/nickel  tubes  had  underdeposit  corrosion  due  to  formation 
of  deposits  by  slime-forming  organisms  in  association  with  iron-and  manganese-depositing 
bacteria.  Ammonia-producing  bacteria  were  isolated  from  scale  and  organic  material  on  the 
admiralty  brass  tubes  suffering  ammonia-induced  stress  corrosion  cracking.  Mansfeld  and 
Little  reported  that  5  copper  alloys  exposed  to  natural  seawater  were  colonized  by  bacteria 
within  3  weeks,  independent  of  alloy  composition.11  Corrosion  rates  were  higher  in  natural 
seawater  compared  with  artificial  seawater  for  all  copper  alloys  exposed  (Table  2).  Inter¬ 
granular  corrosion  and  denickelification  of  70/30  copper/nickel  was  observed  after  1  month 
(Figure  2). 

Nickel  alloys,  including  Monel  400  (66.5%  Ni,  31.5%  Cu,  1.25%  Fe),  are  used  extensively 
in  highly  aerated  fast-moving  seawater  environments  as  evaporators,  heat  exchanger  pumps 
and  valves,  diffusers  for  steam  nozzles  in  steam  ejectors  and  turbine  blades.  Uhlig  and 
co-workers12  calculated  that  a  critical  nickel  concentration  of  35%  was  required  for  passivity. 
Nickel  alloys  containing  less  than  this  amount  behave  like  copper.  The  formation  of  the 
protective  film  on  nickel  is  aided  by  the  presence  of  iron,  aluminum  and  silicon.  In  high 
velocity  seawater,  nickel  alloys  are  superior  to  predominantly  copper  alloys  because  the 
protective  surface  film  remains  intact  under  highly  turbulent  and  erosive  conditions. 


Monel  400  is  susceptible  to  pitting  and  crevice  corrosion  attack  where  chlorides  penetrate 
the  passive  film.  Sulfides  can  cause  either  a  modification  or  breakdown  of  the  oxide  layer. 
Schumacher13  reported  that  Monel  400  was  susceptible  to  underdeposit  corrosion  and  oxygen 
concentration  cells  formed  by  bacteria.  Gouda  et  al.14  demonstrated  pitting  of  Monel  400 
tubes  exposed  in  Arabian  Gulf  seawater  where  pits  developed  under  deposits  of  SRB  and 
nickel  was  selectively  dealloyed.  Little  et  al.8  reported  selective  dealloying  in  Monel  400 
in  the  presence  of  SRB  from  an  estuarine  environment  (Figure  3). 

Pope10  reported  a  case  study  from  nuclear  power  plants  in  which  severe  pitting  corrosion 
associated  with  dealloying  was  observed  under  discrete  deposits  on  Monel  heat  exchanger 
tubes.  Deposits  formed  by  iron-and  manganese-depositing  bacteria  in  association  with  SRB 
contained  large  amounts  of  iron  and  copper,  significant  amounts  of  manganese  and  silicon 
and  reduced  amounts  of  nickel. 


STAINLESS  STEELS 

The  corrosion  resistance  of  stainless  steels  (SS)  is  due  to  the  formation  of  a  thin  passive 
chromium-iron  oxide  film  at  additions  of  chromium  in  amounts  of  12%  or  more.  Metal- 
depositing  organisms,  important  in  MIC  of  stainless  steels,  may  catalyze  the  oxidation  of 
metals,  accumulate  abiotically  oxidized  metal  precipitates,  or  derive  energy  by  oxidizing  metals. 
Dense  deposits  of  cells  and  metal  ions  create  oxygen  concentration  cells  that  effectively  exclude 
oxygen  from  the  area  immediately  under  the  deposit  (Figure  4).  Underdeposit  corrosion  is 
important  because  it  initiates  a  series  of  events  that  are,  individually  or  collectively,  extremely 
corrosive.15  In  an  oxygenated  environment,  the  area  immediately  under  the  deposit  becomes 
a  relatively  small  anode  compared  to  the  large  surrounding  cathode  (Figure  4).  Cathodic 
reduction  of  oxygen  may  result  in  an  increase  in  pH  of  the  solution  in  the  vicinity  of  the 
metal.  The  metal  will  form  metal  cations  at  anodic  sites.  If  the  metal  hydroxide  is 
the  thermodynamically  stable  phase  in  the  solution,  metal  ions  will  be  hydrolyzed  by  water 
with  formation  of  H+  ions.  If  cathodic  and  anodic  sites  are  separated  from  one  another,  the 
pH  at  the  anode  will  decrease  and  that  at  the  cathode  will  increase.  The  pH  within  anodic 
pits  depends  on  specific  hydrolysis  reactions  (Table  3).16The  lowest  pH  values  are  predicted 
for  alloys  containing  chromium  and  molybdenum. 

One  of  the  most  common  forms  of  MIC  attack  in  austenitic  SS  is  pitting  at  or  adjacent 
to  welds  (Figure  5) 17  at  the  heat  affected  zone,  the  fusion  line  and  in  the  base  metal. 
Borenstein18  made  the  following  observations  for  MIC  in  304L  (18%  Cr,  9%  Ni,  .03%  C, 
bal.  Fe)  and  316L  (17%  Cr,  12%  Ni,  2.5%  Mo,  .03%  C,  bal.  Fe)  weldments:  both  austenite 
and  delta  ferrite  phases  may  be  susceptible;  combinations  of  filler  and  base  materials  have 
failed,  including  matching,  higher  and  lower  alloyed  filler  combinations;  and  solution 
annealing  and  pickling  may  produce  welds  that  are  less  susceptible.  A  lack  of  sensitization 
in  austenitic  welds  did  not  ensure  protection.  Additionally,  surface  conditions  commonly 
associated  with  corrosion  resistance,  such  as  heat  tint,  and  those  related  to  residual  stresses, 
including  gouges  and  scratches,  may  increase  susceptibility.  Kearns  and  Borenstein19  state 
that  welds  having  filler  metal  compositions  matching  the  base  metal  have  lower  corrosion 
resistance  than  fully  annealed  base  metal  due  to  lack  of  homogeneity  and  the  microsegre¬ 
gation  of  chromium  and  molybdenum.  Chemically  depleted  regions  can  be  much  more 
susceptible  to  localized  attack.  Stein20  reported  that  MIC  susceptibility  of  base  metal  related 
to  weld  area  was  not  related  to  sensitization  but  to  the  microstructure  produced  during  the 
manufacturing  process.  Reannealing  reduced  the  severity  of  the  pitting  corrosion.  Videla 
et  al.21  observed  that  sensitization  heat  treatments  with  related  carbide  precipitation 


lowered  pitting  corrosion  resistance  of  304  and  41  OSS  in  the  presence  of  SRB  and  aggressive 
anions. 

Stainless  steels  containing  6%  or  more  molybdenum  were  once  thought  to  be  immune  to 
MIC  because  molybdenum  increases  the  resistance  of  austenitic  SS  to  chloride  and  acid 
solutions.  However,  Scott  and  Davies22  documented  MIC  in  an  austenitic  904L  SS  (20%  Cr, 
25%  Ni,  4.5%  Mo,  1.5%  Cu,  0.02  max.  C,  bal.  Fe)  used  in  a  tube  and  shell  heat  exchanger 
for  cooling  sulfuric  acid  in  brackish  and  seawater  applications.  The  failure  occurred  within 
two  weeks  of  startup  and  was  accompanied  by  attack  of  welds  and  crevice  corrosion.  Little 
et  al.23  observed  deep  etching  of  SM0254  SS  (20%  Cr,  18%  Ni,  6.5%  Mo,  0.75%  Cu,  0.2% 
N,  bal.  Fe)  after  exposure  to  both  an  iron/sulfur-o£iiizing  mesophilic  bacterium  and  a 
thermophilic  mixed  SRB  culture  (Figure  6).  *- 

Ennoblement  of  corrosion  potential  (Ecorr)  for  stainless  steels  during  exposure  to  natural 
seawater  has  been  reported  by  several  investigators.1,24,25  The  practical  importance  of 
ennoblement  is  increased  probability  of  localized  corrosion  as  Ecorr  approaches  the  pitting 
potential  (Epit).  Thermodynamic  and  kinetic  factors  have  been  discussed,  including  increase 
of  the  partial  pressure  of  oxygen,  a  decrease  in  interfacial  pH  and  organometallic  catalysis. 
An  increase  of  the  partial  pressure  would  move  the  reversible  potential  of  the  oxygen  elec¬ 
trode  in  the  noble  direction,  but  cannot  be  used  to  explain  large  shifts  in  Ecorr.  A  local  decrease 
in  pH  would  produce  the  same  effect.  Local  acidification  would  move  Epjt  in  the  negative 
direction  to  potentials  significantly  below  the  reported  Ecorr  values.  Johnsen  and  Bardal26 
reported  that  Ecorr  approached  -50  mV  (vs  saturated  calomel  electrode  (SCE))  after  28  days 
for  SS  that  contained  1-3  w/o  molybdenum  (Figure  7).  In  contrast,  SS  containing  6  w/o 
molybdenum  reached  values  of  +50-150  mV  vs.  SCE  in  the  same  time  period.  Early  reports 
suggested  that  molybdenum  was  not  found  in  the  passive  layer  for  alloys  containing  up  to 
5.2%  molybdenum.27  Recently,  Olefjord  and  Wegrelius28  studied  the  influence 
of  molybdenum  and  nitrogen  on  the  corrosion  behavior  of  high  alloyed  SS  containing  6% 
molybdenum.  Passive  layers  contained  8-14%  molybdenum.  Since  ennoblement  is  more 
pronounced  for  high  molybdenum  SS,  molybdenum  may  play  a  role  in  the  acceleration  of 
the  cathodic  reaction  leading  to  ennoblement  of  Ecorr. 


TITANIUM  AND  TITANIUM  ALLOYS 

There  are  no  case  histories  of  MIC  for  titanium  and  its  alloys.  Schutz29  reviewed  mecha¬ 
nisms  for  MIC  and  titanium’s  corrosion  behavior  under  a  broad  range  of  conditions.  He 
concluded  that  at  temperatures  below  100°C  titanium  is  not  vulnerable  to  iron/sulfur- 
oxidizing  bacteria,  SRB,  acid-producing  bacteria,  differential  aeration  cells,  chloride 
concentration  cells  and  hydrogen  embrittlement.  In  laboratory  studies.  Little  et  al.23  did  not 
observe  any  corrosion  of  Grade  2  titanium  in  the  presence  of  SRB  or  iron/sulfur  oxidizing 
bacteria  at  mesophilic  (23°C)  or  thermophilic  (70 °C)  temperatures.  Using  the  model  of  McNeil 
and  Odom4  one  would  predict  that  titanium  would  be  immune  to  SRB  induced  corrosion 
(Table  1).  There  are  no  standard  free  energy  reaction  data  for  the  formation  of  a  titanium 
sulfide.  If  one  assumes  a  hypothetical  sulfide  product  to  be  titanium  sulfide,  the  standard 
enthalpy  of  reaction  is  +587  kJ.  While  standard  free  energies  of  reaction  are  not  identical 
to  standard  enthalpies  of  reaction,  it  is  still  unlikely  that  titanium  will  be  derivatized  to  the 
sulfide  under  standard  conditions  of  temperature  and  pressure. 


CONCLUSIONS 


MIC  is  localized  corrosion  documented  in  failures  of  engineering  materials.  The  primary 
effect  of  alloying  elements  is  to  stabilize  a  protective  film  either  mechanically  or  chemically. 
Additions  of  nickel  and  iron  improve  the  mechanical  properties  of  copper  alloys  but  may 
increase  susceptibility  to  MIC.  Molybdenum  found  in  the  passive  layer  on  stainless  steel 
alloys  may  influence  ennoblement  of  Ecorr. 
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Table  1.  Standard  free  energies  of  reactions 


Cu20  +  HS"  -+  Cu2S  +  OH* 

Standard  Free  Energy  of  Reaction  -110.2  kj 

CuO  +  HS"  -*  CuS  +  OH" 

Standard  Free  Energy  of  Reaction  -103.2  kj 

Fe304  +  4HS"  -» 2FeS  (pyrrhotite)  +  FeS2  +  40H" 
Standard  Free  Energy  of  Reaction  -29.6  kJ 

Ti02  +  HS"  -»  TiS  +  OH"  +  1/2  02 
Standard  Enthalpy  of  Reaction  +587  kJ 


Zr02  +  2HS"  ZrS2  +  20H" 
Standard  Enthalpy  of  Reaction  +206  kJ 


Table  2.  Corrosion  rates  for  copper  alloys  (micrometers  per  year) 


Time 

(days) 

Seawate  - 

99Cu 

90Cu:10Ni 

70Cu:30Ni 

Admiralty 

Brass 

Aluminum 

Bronze 

7 

Natural 

61.9 

40.1 

14.2 

55.0 

43.2 

Synthetic 

46.8 

30.6 

9.1 

39.9 

27.2 

29 

Natural 

45.2 

15.2 

20.7 

41.0 

22.7 

Synthetic 

41.4 

9.4 

8.5 

22.2 

10.6 

Table  3.  Specific  hydrolysis  reactions 


Hydrolysis  Reaction 

Equilibrium  pH 

Fe2*  +  2H20 

Fe(OH)2  +  2H+ 

pH  =  6  64  -1/2  log  afe 2+ 

Cr3+  +  3H20 

Cr(OH)3  +  3H+ 

pH  =  1  -53  —  1/3  log  aCr 3+ 

Ni2+  +  2H20 

^  Ni(OH)2  +  2H+ 

pH  =  6 5- 1/2  log  aNi2+ 

Mo3+  +  2H?0 
i  £ 

^  Mo02  +  4H+  +  e- 

pH*  =  (0  31 1  -  0  059  log  aMo3+  -  F)/0  236 

\ 

Mn2+  +  2H20 

Mn(OH)2  +  2H+ 

pH  =  1  53  - 1/3  log  aMn 2+ 

*£  =  -0  20  V  (k  SCE) 


Figure  1.  Black,  porous  corrosion  layer  on 
90  Cu/10  Ni  foil  after  exposure  to  SRB  for 
3  months  (x3) 


Figure  2.  Pit  interiors  on  70  Cu/30  Ni  showing  intergranular  corrosion. 
Arrows  indicate  grains  of  copper. 


(a)  *  <b) 


Figure  3.  (a)  Energy  dispersive  spectroscopy  (EDS),  (b)  EDS  spectrum  of  nickel  alloy  after 
exposure  to  estuarine  water  for  six  months  showing  accumulations  of  silicon,  sulfur,  and  chlorine 
with  elevated  concentrations  of  iron  and  nickel,  and  (c)  EDS  spectrum  of  the  residual  metal 
in  the  base  of  the  pit  showing  nickel  depletion  and  copper  enrichment. 


Figure  4.  Reactions  possible  in  underdeposit  corrosion. 


POTENTIAL  (rrW  vs  SCE) 


Figure  7.  Open  circuit  potential  as  function  of  time  for  six 
stainless  steels  exposed  to  flowing  natural  seawater  (Ref.  26). 


